Nearly all concepts of nanocarriers as drug delivery devices rely on intracellular uptake. Instead, we demonstrate an alternative concept for rapid and specific delivery of cargo by nanoparticles to TIP47+/ ADRP+ lipid droplets. The model can serve as a novel strategy for the non-invasive delivery of drugs by releasing hydrophobic cargo, in our case a model dye, through a kiss-and-run mechanism between nanoparticles and the cell membrane.
Great efforts have been made to understand the interactions between cells and nanoparticle drug delivery devices, 1,2 with a focus on uptake of nanoparticles and their intracellular trafficking pathways. To bypass the complex endocytotic uptake [3] [4] [5] [6] [7] and intracellular transport of nanospheres to subcellular compartments via endocytotic vesicles, a direct way of cargo delivery right on the cell membrane could avoid this complexity. In the concept presented here the cargo release mainly occurs on the cellular membrane, which depends on parameters like hydro-and lipophilicity of the nanoparticles, the cargo and the lipid bilayer. Hydrophobic molecules that are loaded onto polymeric nanoparticles are hardly or non-water soluble impeding the simple diffusion out of the polymeric matrix. 8 This opens up the possibility for the release on hydrophobic surfaces or media due to their lipophilic properties. Here such a mechanism has been observed and is described as a short touch and detach (''kiss-and-run'') mechanism (Scheme 1). We demonstrate that nanoparticles made of long-term biodegradable polymers like the widely used poly-L-lactide (PLLA) 9 or even of non-biodegradable polymers like polystyrene can transport a hydrophobic cargo in an aqueous environment while delivering the cargo within minutes and without entering the cell just by ''touching'' the phospholipid layer. We demonstrate that the cargo further accumulates inside lipid droplets, a subcellular compartment for lipid storage. In this context, we observed a convenient mechanism that comprises a rapid and membrane-specific delivery of hydrophobic substances with a specific release on the cell membrane. For this reason, biodegradable PLLA nanoparticles were used to demonstrate the drug delivery abilities of such nanoparticles (for nanoparticle synthesis and characterization see ESI †). To track the cargo release, the PLLA nanoparticles (PLLA-Fe-PMI) were labeled with iron oxide and a non-covalently bound fluorescent dye, perylene monoimide (N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide, PMI). 10 The dye was inserted to enable detection by confocal laser scanning microscopy (CLSM). The magnetite load was used to assist in detecting the nanoparticles by transmission Scheme 1 Schematic illustration of the kiss-and-run mechanism. Nanoparticles briefly interact with the lipid bilayer of a cell (A) or a giant unilamellar vesicle (B), thereby releasing its dye that accumulates in lipid droplets (LD) or in the membrane, respectively.
electron microscopy (TEM) and could be used for magnetic resonance imaging. 11 Confocal imaging revealed a remarkably fast transport within minutes of the hydrophobic perylene monoimide into perfectly round shaped intracellular compartments with a high refractive index as demonstrated by differential interphase contrast (DIC) microscopy ( Fig. 1A-C ). This fluorescence appeared after the start of the incubation with the first signals seen as early as 10-30 min in HeLa cells ( Fig. 1B and C) . Jurkat cells (a non-adherent T cell line) were used as a totally different cell type to confirm these results. In live cell imaging experiments with Jurkat cells we observed a strong staining of these intracellular compartments, seen under transmission light after 5-20 min (Fig. 1A) .
In contrast, and despite extensive TEM studies, even after 30 min of incubation HeLa cells do not contain nanoparticles inside the cells as shown in TEM experiments (Fig. S2B, ESI †) . No fluorescent signal was detectable after the incubation of the nanoparticle supernatant with HeLa cells excluding a staining of the cells by free dye molecules ( Fig. 1F and G) . To investigate the localization of the fluorescent signal further, we used a correlative microscopic approach to generate an overlay micrograph of confocal and transmission electron microscopy results of a single cell. This revealed a localization of nanoparticles on the cell membrane for both methods. Most importantly, we were not able to detect nanoparticles in the brightly stained intracellular regions but detected extracellular fluorescent nanoparticles partially interacting with the cell membrane (Fig. S2, ESI †) .
Taken together, and keeping the DIC microscopic appearance in mind, we suspected that the highly diffractive intracellular compartments could be lipid droplets. 12 By feeding cells with BSA-coupled oleic acid the number of lipid droplets inside HeLa cells can be increased. 13 After nanoparticle incubation, the fluorescence from the dye PMI was found inside these highly diffractive organelles that had increased in number and size due to the treatment (Fig. 1E) . In order to confirm this further, subcellular localization studies with immunofluorescence staining of two specific membrane markers of lipid droplets, tailinteracting protein 47 (TIP47) and adipose differentiation-related protein (ADRP) around the PMI signal were investigated. 13, 14 This demonstrated a high degree of overlap of fluorescent PMI and the lipid droplet specific markers ( Fig. 1B and C) . Transmission light analysis identified PMI/TIP47/ADRP colocalization with organelles of a high diffractive index representing lipid droplets in comparison to the rest of the cell (Fig. 1A , B and E). From these observations we could conclude that the hydrophobic molecule is released into the phospholipid membrane of the cell and is then localized into even more hydrophobic intracellular compartments -namely lipid droplets as mentioned earlier.
To evaluate the first step in a cell free system, PMI release in different biological and hydrophobic media was analyzed. We observed a controlled release of PMI out of PLLA-Fe-PMI nanoparticles only in glyceryl trioleate, but not in 1% DMSO solution and cell culture media with fetal calf serum ( Fig. 2A) . This demonstrates that the nanoparticles preferably release their hydrophobic cargo molecules inside lipophilic environments but lack release in hydrophilic environments. Next, we performed membrane release experiments with giant unilamellar vesicles made of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) to simulate a hydrophobic cell membrane that a nanoparticle can interact with. These experiments were performed in pure water with PLLA-Fe-PMI (PLLA-Fe-PMI, Fig. 2B ), covalently dye-labeled polystyrene nanoparticles (PS-NH 2 -Bodipy, Fig. 2C ) and superparamagnetic iron oxide nanoparticles (SPIOPSN-Bodipy; Fig. S3, ESI †) . PLLA-Fe-PMI nanoparticles interact for some 100 ms with the DOPC membrane leaving the membrane after this short touching event (Fig. 2C, white arrows) . After 15-20 min, the DOPC membrane was fluorescently labeled by PMI. We referred to this event as a brief ''kiss'', leaving behind some stains on the touched object. After its ''kiss'', the particle detaches and ''runs'' away.
In the control experiments with PLLA-Fe-PMI supernatants and polystyrene nanoparticles containing covalently bound dyes, no staining of the DOPC GUVs was observed (Fig. 2B and D) . With PS-NH 2 -Bodipy, we investigated a polystyrene nanoparticle with a covalently bound dye that strongly interacts with the giant vesicle by dashing around on the surface of the vesicle without releasing the covalently bound dye Bodipy (Fig. 2D, white arrows) . In Fig. S3 (ESI †), it can be seen that the superparamagnetic nanoparticle is not permanently interacting with the surface of the giant vesicle. Nevertheless, also a kiss-and-run-like mechanism without the release of the dye into the lipid membrane was observed (Fig. S3, ESI †) .
Therefore, we conclude that our PMI-containing nanoparticles briefly interact with the phospholipid bilayer of cells and vesicles releasing the hydrophobic cargo. In the case of cells, PMI diffuses through the membrane and by membrane turnover accumulates in the even more hydrophobic surrounding of lipid droplets, while in the case of GUVs, only the membrane is stained.
In summary, we observed (1) a temporary interaction of nanoparticles with hydrophobic membrane surfaces, (2) a fast release of hydrophobic molecules from the particle when encountering a membrane and (3) the terminal fate of the cargo localizing in lipid droplets. These parameters describe a novel drug delivery mechanism (''kiss-and-run'') that may change the paradigm of drug delivery. Contrary to most concepts we show that no nanoparticle uptake is necessary, but only a short contact (about 100 ms) with the cell membrane to deliver a hydrophobic molecule. Cargo release was induced due to the interaction of the nanoparticle with hydrophobic surroundings and lipophilic surfaces and detectable after several minutes. Our data suggest a mechanism that results in the specific subcellular delivery of hydrophobic molecules into lipid droplets by the induced release on cell membranes and reveals that nanomaterials exchange components of their own when encountering membraneous systems. The unspecificity and stochastic nature of the kiss-and-run mechanism calls for the design of more complex nanoparticles (e.g. targeted core-shell structures) for applications in vivo as the cargo should be released on the desired cell type and not on the first cell membrane, e.g., capillary endothelial cells, encountered by the nanoparticle. A first possible application could be the subcellular targeting of lipid droplets to influence the lipid metabolism of dyslipidemic patients (e.g. niacin-conjugate delivery). 15 This work was supported by the Deutsche Forschungsgesellschaft (SPP1313; LA1013/13-1; MA 3271/3-1) and the Max-Planck Society. M.B. Bannwarth is a recipient of a fellowship funded through the Excellence Initiative (DFG/GSC 266).
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